Abstract. Basic combinational gates, including NAND, NOR and XOR, are fundamental building blocks in CMOS digital circuits. This paper analyses and compares the power consumption due to transistor leakage of low-order and high-order basic logic gates. The NAND and NOR gates have been designed using different design styles and circuit topologies, including complementary CMOS, partitioned logic and complementary pass-transistor logic. The XOR gate has been designed using a variety of additional circuit topologies, including double pass-transistor logic, differential cascade voltage switch logic and a gate designed specifically for low power. The investigation has been carried out with HSPICE using the Berkeley Predictive Technology Models (BTPM) for three deep submicron technologies (0.07 m, 0.1 m and 0.13 m).
Introduction
The rising demand for portable systems is increasing the importance of low power as a design consideration. Considerable research is being performed into various techniques for lowering the power consumption of digital circuits [1] . As MOS transistors enter deep submicron sizes, undesirable consequences regarding power consumption arise. Decreasing the dimensions of the transistor requires a reduction in the supply voltage to keep the dynamic power consumption reasonable [2] . In turn, this demands a reduction of the threshold voltage to maintain performance, which causes an exponential increase in the subthreshold leakage current [3] . Recent research has shown that, with ever shrinking dimensions, the leakage current will become even greater than the dynamic current in the overall power dissipation [4] .
Recently, numerous techniques have been proposed which aim to reduce leakage power. These include supply voltage reduction [5] , [6] , supply voltage gating [2] , multiple or increased threshold voltages [2] , [6] , [7] , [8] , [9] and minimising leakage power consumption in sleep states [10] , [11] . However, from a leakage power perspective, little work has been reported comparing different design styles and circuit topologies of the basic gates. Investigating this will allow designers to choose the correct design style for a gate to achieve low leakage power consumption. This paper presents a systematic comparison between NAND, NOR and XOR gates, at three DSM process technologies (0.07 m, 0.1 m and 0.13 m), implemented using differ-ent design styles and circuit topologies. Furthermore, this paper demonstrates how the stacking effect [12] can play an important role at the design stage in reducing leakage by considering transistor ordering.
Preliminaries
This section briefly analyses the leakage power of a 2-input NAND gate and reviews a number of design styles and circuit topologies that can be used to implement basic gates. This information will subsequently be used to explain the investigations and simulation results outlined in this paper. [13] , (b) CPL [15] There are numerous design styles that can be used to realise digital CMOS gates. The three most commonly employed are examined in this paper: complementary CMOS [13] , partitioned logic [13] and various pass-transistor designs [13] , [14] , [15] -focusing primarily on complementary pass logic (CPL). Complementary CMOS (denoted from here on as 'COMP') consists of a PMOS pull-up network and NMOS pull-down network. Fig. 1(a) shows a 2-input COMP NAND gate, and Fig. 1(b) shows the same gate designed using CPL. The advantages and disadvantages of CPL are well documented [13] , [15] , [16] , [17] . The numbers next to the transistors in the figures represent their widths in relation to their lengths; the lengths are set to the smallest dimensions of the technology used. In designing high-order gates (>2 inputs), COMP and partitioning design styles can be employed. Fig. 2 shows an 8-input NAND gate implemented using the partitioned designed style.
Fig. 1. 2-input NAND, (a) COMP
Different design styles and circuit topologies have been proposed to implement a 2-input XOR gate. These include COMP [15] , CPL [15] , transmission gates [13] , differential cascade voltage switch logic (DCVSL) [13] , double pass logic (DPL) [15] and a gate specifically designed for low power (LP) [14] . Fig. 3 shows the two circuits for a 2-input XOR gate produced using COMP and LP design styles. [14] In CMOS digital circuits, power dissipation consists of two main components: dynamic and static. As opposed to dynamic power (which is a result of switching activity), leakage power occurs as a result of the subthreshold leakage current present in deep submicron MOS transistors acting in the weak inversion region [5] . The leakage current is exponentially dependant on the gate-source voltage of the transistor, causing a drain current to flow even when the gate-source voltage is zero [3] . The leakage current for an NMOS transistor operating with Vgs 0 is given in equation (1) , where the parameters have their usual meanings [7] . In [3] , analytical equations that model the leakage current for a series of stacked transistors were given. These equations give the subthreshold current for a stack of one transistor (IS1), two transistors (IS2) and three transistors (IS3). It was also shown in [3] that the more transistors there are in a stack, the smaller is the leakage current (i.e. IS1 > IS2 > IS3). The leakage current for transistors in parallel is given by the sum of the individual currents through each transistor. The leakage current in a CMOS gate depends on the input pattern applied; for example, in the case of the 2-input COMP NAND gate (shown in Fig. 1(a) ), the leakage current is highest when A=1 and B=1, since both PMOS transistors are off. In this case, the total leakage current is given by the sum of the individual currents through each of the parallel transistors (IS1+IS1=2*IS1). The leakage current is smallest when A=0 and B=0, since both NMOS transistors are off, and the total leakage current is given by IS2.
The leakage power results presented throughout this paper were obtained using HSPICE [18] with the Berkeley Predictive Technology Models (BPTM) [19] and minimum-size transistors [13] . The results were obtained from a transient analysis over an exhaustive set of input patterns. The average leakage power was calculated by averaging the power over all possible input combinations (i.e. all inputs have an equal probability of occurring). The leakage power consumption was calculated by multiplying the simulated leakage current by the supply voltage.
Design of Low Order Gates
Section 2 has shown that there are many design styles and circuit topologies to realise the functions of basic gates. Whilst comparisons exist between the different designs in terms of speed, area and dynamic power [15] , there is little reported work giving a systematic comparison between different gate designs from a leakage power perspective -the main aim of this paper. Fig. 4(a) shows the simulated leakage power performance of 2-input NAND and NOR gates using the COMP and CPL design styles ( Fig. 1) at 0.07 m. As can be seen, the leakage power of a CPL based gate is nearly four times that of the equivalent COMP gate. This is because, as outlined in Section 2, the highest leakage current for the COMP NAND gate is 2*IS1 and occurs when the input is "1,1". The lowest leakage current is IS2, and occurs when the input is "0,0". In the case of the CPL NAND gate, the highest leakage current is 5*IS1 and occurs when the input is "0,1" or "1,0". The lowest leakage current is 3*IS1 and occurs when the input is "0,0" or "1,1". The leakage current is higher for the CPL design style, as there are no stacks (meaning all of the leakage currents are IS1s), and extra leakage current is drawn through level-restoring and output-driving circuitry. shows the leakage power performance of the 2-input NAND gate at different DSM technologies. It should be noted that, as the 2-input NOR gate has almost the same leakage as the NAND, the results are not shown in this paper. Fig. 4(b) reinforces the prediction that the leakage power in a CMOS circuit increases as the technology shrinks. It can be observed from Fig. 4 that leakage power is an issue in DSM gates and, to minimise this, designers should select the COMP design style in preference to CPL when implementing 2-input NAND and NOR gates. Up to this point, only NAND and NOR gates have been considered. Numerous design styles for 2-input XOR gates (a selection is shown in Fig. 3 ) have been reported in the literature, each with merits and shortcomings in terms of area, speed and dynamic power [15] . Fig. 5 shows the leakage power comparison of six different design styles using a 0.07 m technology. As can be seen, the LP design (Fig. 3(b) ) consumes the least leakage power, the COMP design consumes less leakage power than CPL, and the DPL design [15] has the highest leakage power. The LP gate performs best through the use of only six transistors, compared to 12 for COMP, 10 for CPL and 12 for DPL. The LP gate has a leakage current given by 3*IS1 for inputs "0,0", "0,1" and "1,0", and IS1 for input "1,1". This is in contrast to COMP having a leakage current given by 4*IS1, CPL given by 5*IS1, and DPL given by 6*IS1 (for all inputs).
It is informative to note at this stage that the subthreshold current through an NMOS transistor is not equal to that of a PMOS transistor. It is for this reason that, in Fig. 5 , the difference between the leakage power of CMOS and CPL (5*IS1 -4*IS1) is not equal to the difference between DPL and CPL (6*IS1 -5*IS1). Table 1 examines the leakage power performance of the 2-input XOR gate, implemented at different DSM technologies. As expected, the leakage power increases as the process is scaled down; for example, the leakage power of the COMP XOR at 0.1 m is 3050pW but increases to 10600pW at 0.07 m. It is known that DPL is worse than the other design styles for area, dynamic power and speed, and this has been reinforced by these results for leakage power. From Fig. 5 and Table 1 , it can be observed that the LP design reported in [14] has the least leakage power. This design also has the fewest transistors compared to the other topologies outlined in Table 1 , and has low delays and dynamic power [14] . This indicates that the LP XOR gate provides an attractive choice in terms of area, speed and power (dynamic and leakage). We believe that, in applications where a unified design style is an important issue for basic gates, the COMP design style should be given serious consideration. This is because the COMP design style produces NAND and NOR gates with low leakage power across DSM technologies (NAND shown in Fig. 4(b) ), while the XOR gate also performs comparatively well from a leakage power perspective -CPL is around 50% worse than COMP, while LP is less than 30% better than COMP.
Design of Higher Order Gates
To design higher-order basic gates (> 2 inputs), the COMP ( Fig. 1(a) ) or partitioned (Fig. 2 ) design style can be chosen. As partitioning simply breaks down a high order gate into lower order gates, it could be implemented using CPL gates ( Fig. 1(b) ). However, as it was shown in Fig. 4 that the CPL leakage power is greater than COMP for individual gates, it is expected that the partitioned CPL gates would also have a higher leakage power consumption. For this reason, in this paper, only complementary CMOS and partitioned CMOS (denoted from hereon as 'partitioned') design styles are analysed. Higher-order XOR gates were not investigated as they have limited practical use. 6 shows the leakage power of an 8-input NAND gate using COMP (Fig. 7) and partitioning (Fig. 2) at three DSM technologies. For a given technology, it can be seen that the COMP gate consumes less power through leakage than the equivalent partitioned gate. This is because, as outlined in Section 2, the more transistors there are in a stack, the lower the leakage current is through the stack. A COMP NAND or NOR gate has one deep stack -eight in Fig. 7 (leading to one leakage current) . Partitioning, however, introduces several smaller stacks (giving rise to more, larger leakage currents). This means that the average leakage power in the partitioned gate is higher than that of the COMP gate. The leakage power performance of 4, 6 and 8 input COMP and partitioned NAND designs are given in Table 2 . 
Fig. 7. 8-input COMP NAND gate
We have analysed the leakage power performance of an 8-input NOR gate for a number of DSM technologies, and the results are given in Table 2 . Again, this shows that the COMP design is more efficient than partitioning from a leakage power perspective. Fig. 6 and Table 2 indicate that designers should choose the COMP design style to obtain leakage power efficient high order NAND and NOR gates. However, this choice is achieved with an inferior speed performance [13] , particularly when the number of gate inputs is greater than six. This trade-off needs to be given careful consideration. It can also be seen from Table 2 that, as the number of inputs to a gate increases, the average leakage power decreases. This is because a higher number of inputs causes a longer stack, and hence a lower average leakage power.
Input Pattern Ordering
As outlined in Section 2, the leakage power consumed in a CMOS circuit is dependant on the inputs to the gate. Previous research demonstrated that the leakage power is the same for inputs "0,1" and "1,0" at 0.35 m [7] , and that leakage current in a stack is 'almost' independent of ordering for a constant number of 'off' transistors [12] . The 2-input COMP NAND gate ( Fig. 1(a) ) was simulated for a number of DSM processes. Fig. 8 shows that the leakage current for the inputs " 0,1" and " 1,0" are no longer equal, and the difference increases as the DSM process shrinks. It can be seen that the input combination " 0,1" produces a larger leakage current than " 1,0" . Exhaustive simulations were carried out for high order NAND gates, and it was observed that the leakage power varied considerably for patterns containing only one 'zero' -shown in Fig. 9 for an 8-input NAND. It can be seen that the input pattern " 01111111" produces the largest current whilst " 11111110" produces the least. We believe this observation should be exploited. Similarly, the equivalent observation for NOR gates was found; for input combinations containing a single 'one' , " 10000000" gives rise to the smallest leakage current, while " 00000001" gives the largest.
This observation can be explained by the fact that, for an 8-input COMP NAND, the input " 01111111" gives rise to a greater body effect in the transistor acting in the weak inversion region than the input " 11111110" . This is investigated further without reference to ordering in [11] . Table 3 shows the saving that can be made for IS1 leakage currents by taking note of input ordering. For example, with an 8-input NAND gate at 0.07 m, a saving of 1230pA can be obtained by using the input " 01111111" rather than " 11111110" , and this equates to a percentage saving of 34%. In order to exploit this observation, the following guidelines should be followed:
• For NMOS stacks (NAND gates), a 'zero' closest to the output node of the gate will give rise to the largest IS1 leakage current, while a 'zero' closest to ground will give the smallest IS1 leakage current. For PMOS stacks (NOR gates), a 'one' closest to the output node of the gate will give rise to the largest IS1 leakage current, while a 'one' closest to Vdd will give the smallest IS1 leakage current. 
Conclusions
We have presented a systematic comparison of the leakage power for basic gates, designed using different design styles and circuit topologies, and implemented at three DSM technologies. The results have shown that complementary CMOS is favoured over CPL and gate partitioning for implementing both low order and high order NAND and NOR gates. The low power XOR gate design developed in [14] provides a leakage power saving of 50% over CPL. These findings need to be considered carefully when choosing a particular design style due to the trade-offs that exist. Whilst complementary CMOS has the least leakage power for high-order gates, this is achieved at the expense of speed that the partitioning design style permits. We have shown how input pattern ordering may be exploited to reduce leakage power.
